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TESTS OF FIVE FULL-SCALE PROPELLERS IN THE PRESENCE OF A RiKDIAL AND A
LIQUID-COOLED ENGINE NACELLE, INCLUDING TESTS OF ‘IWO SPINNERS

By DATHI BmEMANN and EDWIiSP. EARTMAN

SUMMARY

Wind-tunnel teds are reported of fire $blade Itl$oot
propellers operating in jroni of a radial and a li@d-
cooled engine nacelle. The range of blade angle%inc&-
gated extendedjrom 16° to .@. Two s~”nners were teded
in conjunction m-tit the liquid-cooled engine nacelle.
Comparisons are made beiwem propeUer~hating dij7ereni
blude-shqk shapes, bludes of different ihichne8s, and
different aiq%il ~ectione.

% resuh show that propellers oper&’ng in front of
the liquid-cooled engine nacelle had higher taiie-oj eji-
oienoies than when operating in front of the radial en~”ne
nacelle; the peak ejiiienoy was higher only when qinners
uvre employed. One spinner incrazsed the propukke

ejlcienoy of the liquid-cooled unit 6 peroentfor ihe highest
bkw%angle setting &uxsi@ed and lew for tier blade
angles. The propeller having aiifoit section-s extending
into tb hub was superiar to one having round blade
~hanks. Z$e thick propeller hating a GZurkY section had
a higher take-off emnq thun the thinner one, but its
maximum ejim”enq was powibly lower. Qf the three
bladesections tded, (lla.rk Y, R. A. F. 6, and N. A. C. A..
fi400+4, tik Clark 1? ICaasuperior for the high-speed
condition, but the R. A F. 6 excelled for the take-o$
condition.

INTRODUCTION

A seriss of tests of full-scale propelIem was made in
the propdler-rw.earth tumd during tlm fit part of
1937. Published reports of the series cover separate
subjects as: cumpressibiIity effects (reference 1), solidity
(reference 2), negative thrust and torque (reference 3),
and blade seotion (reference 4). The results of ttMe of
five propellers are published in the present report, the
purpose of which is twofold: &at, to present design
data from tests of four 3-blade propdlem made in the
presence of two popular body types; and, second, from
the test data for all five propellers, to make incidental
comparisons regarding the effect OE body shape and
&e, spinners, blade+hank shape, blade thickness, and
blade section. The concrete data should be of value in
design work because two of the propelIera are in faidy
wide use and the body types are representative of those
in common use. The campmisons may be of value in
the determination of some of the e~ementsof the basic
design of ai.qianea and propellers.

. APPARATUS AND METHODS

The propeller-research tunnel has been modifwd since
the dasmiption of reference 5 was written’,to the extent
of instding an electric motor to drive the tunnel pro-
peIIerand of replgcing the balance with a more modern
one capable of simultaneously recording all the forces.

A 600-horsepovmr Curt& Conqueror engine (GIV-
1570) was used to drive the test propellers. The engine
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FIGVaE 1.–Dra’irfngs of englue nacelles.

was mounted in a cradle dynamometer free to rotate
~bout an axis parallel to the propeller axis and located
~t one side of the engine. The torque reaction was
hansmitted from the other side of the engine to record-
bg scaks located on the floor of the test chamber.
l%e propelIer speed was measured by a calibrated
?Iect,rictachometer.

A sde drawing of each naode is given in figure 1.
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A perforated plate was used to simulate in air resistance of dillerent rrttmof air flow through t.lmplata indicnted
a radial engine in those tests in which the radial engine that the effect was negligible.
cowling was used, (See fig. 2.) The3 cowling _.W&s.._ The liquid-cooled engine nacelle was tested with tlnwo

Fmurm2—The radialengna naw.lle. FmuBE8.—TheHqu[d.xmledenginenasdle with round nose.

selected because its drag was not sensitive to the pro- nose conditions: a round nose, which was the sttindard
peller slipstream fincl, consequently, the propulsive condition for nearly cdl the tests, and with two spinncm
efEciency was not abnormally affected. Air was rd- of different size. The nacelk with the round nose is.

lWuR~ 4.—TheHquld.cmkd en@neneceHewith epInner1.
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FIGCM 5.—TheUquld+mleiier@ne nacellawith splmer 1 and blade-shankauffa

lowed to flow through the plate at a rate corresponding shown in figure 3 and with spinner 1 in figure 4. An
to that for a normally baffled engine. Separate tests eilort was made to reduce the drag of t.horound black
to detemn.i.nethe effect on the propeller characteristics shanks. that extended out from spinner 1 by strcam-
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Iining them with thin sheet-metaI ctis. These ctis,
shown in figure 5, extended aIong the blade shanks for
a distance of about 4 inches beyond the spinner and
were secured to the spinner. The blades were thus
enclosed for a distance of about 24 percent of the radius.

Five 3-bIacIepropellers (&. 6), W having diameters
of 10 feet, were tested. Blade-form curves are given in
figures 7 and 8. The propeIIer dimensions are given by
the following notation: D, diameter; R, radius to the
tip;r, stationradius; h, section thickness; b, station
chord; ~, geometric pitch. F~e 9 ihows the section

The principaI propeIIer dimensions are given in the
fo~owing table:

Diem-
?mpefferdrew@ nmnber eter HOn

(feet)

wBmnr Aeronautics 10 ClsrkY—---- O.fml

HernlIt&6tsr&rd lCI 10 —do--- .W9
~HerrrihonStsnderd6101 10 .-—do—---- .053
1H8mUtonStendard612tl 10 R. A. F.6.–.- .0s
IHadlta 6t8nderd 8131 IO N&3. L .039

~Contrelleble.

ao9

.07

.Oi

.Oi

.07

ml
6129 Lcl+ S6&9
8181

FIGCM 6.–The propller bled= tested.

outIine and gi-res the ordinates for the three blade sec-
tions incorporated in the diflerent propellers It may
be noted that the N. A. C. A. 2400-34 airfoiI section is
modified for propeUer design by changing the thickne=
with respect to the mean camber line. The camber
therefore remains constant for the whole blade, whereas
the camber increases with blade section thickness for
propdem having the Clark Y and R. A. F. 6 sections.

RfJtmd.

AIrfon.
Ronnd.

E:

It may be noted from the tab~e that the essential
differenc~ between propelle~ 586S-9 and 6101 is the
blade thickness aIthough propeIler 6101 has a slightiy
larger shank diameter and a diflerent hub, which should
not appreciably tiect the results. These two propeUem
probably represent the upper tmd 10VW Emits+in
thickness ratios for present-iky aluminum-alloy pro-
pellers.
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●

Prope?ler ICI-O was included in the series because it
differed from 6101 only in the shank shape and, inci-
dentally, in the hub design,

PropeIIers 6101, 6129, and 6131 constitulw a series
differing only in blade section. Thase propellers were
whid-tested (reference 6) and flighktested at Wright
Field previous to the present investigation.

The method of testing in the propebr-research tun-
nel consists in maintaining the propekr speed constant
and increasing the tunnel speed in steps up to the
maximum value of 115 miles per hour. Higher values

bh
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Fmum 7.—Blada%rm ourvesfor propdler fW-9.

of V/nD are obtained by reducing the engine speed
until zero thrust is reached.

The tests reported in reference 1 showed that losses
in efficiency occurred at tip speeds above 600 tu 800 feet
per second, depending principally on the blade angle and
the V/nD range. At slightly lower tip speedathe values
of the thrust and the power codicients, but not the
efbciencies, were affected by compre.ssibibty. The pres-
ent tests were therefore run at tip speds of 526 feet
per second and lees to avoid complications arising from
compressibility. The standard initial testing propeller
speed of 1,000 r. p. m. could not be maintained for the
higher blade-angle settings owing to the Imitation of

engine power; the following schedule was thereforo
adhered to:

l%op.dhr .9peeds for tunnel sped below 116 mlk8 per hour

Ink[alfm-

Blade anule, deg.
w:~p:gd,

16--------------------------------------------1,()()0
DO-------------------------------------- 1,()()()
25--------------------------------------------800
DO----------------------------------- ~oo
35---------------------------------- ~
40-------------------------------------------. 700
45----------------_------_-_-----_------.--=. 70Q

$
F[GUEE8.–Bladefmm curios @r prop?llern0101,0129,0131,and ICI-O.

The approximate test propeller speed may be com-

puted: from the relation r. p. m.=%, for Tr/nD

values higher than can be obtained from tho foregoing
schedule, where K= 1,000 for V= 116 miles per hour
and 1?= 10 feet. The tests reported in refcrenco 1 wcro
confined to tip speeds above about 600 fccti prr second,
so the use of the data in this reference for correcting
coefficients for normaMight operating speeds wouhl
necessitate neglecting any effcc k occurring ah lower
speeds. Unreported data obtained during them tats
indicata that this procedure would entail littie, if any,
error.



FIVE FULL-SC&LE PROPELLERS IN THE PRESENCE OF A RJUXXL AND A LIQUID-COOLED NACELLE 593

RESULTS AND DISCUSSION

The results are reduced to the usual coe&ients of
thrust, power, and efficiency defined m:

effective thrust T—ADc,= ~2D4 ‘~

c.= engine power
pnaD6

and

where p, the mass density of air.
n, propeller speed.
~, propeller diameter.

AD, increased drag of body due to propeIler
@stream.

In addition to plots of these coeflioients against V/nD,
charts for the selection of propellers are given. These
charts me based on the speed-power coefficient C,
defined as:

The test resuhs have been tabulated in ten tabks
and are avahb~e on request from the NationaI Adwimry
Committee for Aeronautics. The experimental resub
are presented in chart form in figures 10 to 46. For
ease of reference, the figure numbers are listed in the
following table:

BASIC DATA

1:
E86&

Re.dh.lenginenm~~.-.–.-–.— ....-–..–.-..——
6181

{

W3”&
LIqnId.cdedengInenoceIIe. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

61.31

SPINNER RESULTS AND COMPARISONS

Subject I propeller I I?igm

6 -------------------------- -..--—----–---–.. –-—-— 42
B!adahnk . .. . . . . . . . . . . . . . . . . . . . 6101and lCl+.---.---.---_-–--–- ~
BIa(Wthlcknew. . . ..- . . . . ..-.––– 5S3%9and 6101.-——-—-_
Blade wttou--.-...-–--–.-–--– 61OL6129,and 6S4L ------------ 46
Body. --.- . . . . . . . . . . . . . . . . . . . . . . M mm~em ----------------------- 46

B.MIC PROPELLER DATA

The chief purpose of this report is to supply propeller
data for design purposes. Complete sets of curms of
the basic coticients for each of the propeller-body
combinations are gi~en for four propellers, two of
which (propellem 5868–9 and 6101) are in common use.
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FIGUWJ11.–Elllciency curves for propellerfisWJ, 8 blades, radial engine nncelk.
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FIGCEIS13.-Thruet-xefWent cwxes for propeller 5S6?%9,3 bhde% radial engine nacelle.

,

.—..

G
FIGGM 13.—Desi3nchat for propdler l!SW9, 3 blades, redid engfneneedle.
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Fmwrm 16.-Emclenw curves for pro@er 6101,8bladm r8dbd engfne rrmxdle.
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FIGURE2Z-Power.mef8clent ourvwfor pro@ler 61S1,8blades,md!al onghe nacelh.
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Use of data,—The computation of thrust at all air
speeds is facilitated through the use of lines of constant
C&superposedon the power curves. Thrust coefficients
are t-alsogiven in the usual type of plot. The use of
the combined CP and CT curies is illustrated in the
following outIine:

Computation of thrust for a constant-speed con-
trollable propeller:

1. Compute C, from design conditions.
2. Determine V/nD from C, chart.
3. Compute diameter from T“/nD.
4. Solve for CP, CP=pomr/PnaDa.
5. Determine CTfor sewral -dues of V/nD from the

combined CT and (?P curves. Follow the line of COn-
stant CF.

6. Sol-re for thrust, T= C@12~.
7. Sol-ie for -mlocity from assumed V/nD.
Computation of thrust for a fixed-pitch propeIIer:
1. Compute C, from design conditions.
2. Determine (~)n~)=ar and blade angle from C,

chart.
3. S51ve for diameter from (V/7211)-.
4. solve for C, for high speed (C,J.
5. Determine C= and Ck for sevend values of V/nD

from the combined CT and C= curves. Follow the line
for constant blade amgle.

6. Solve for AT/IVma.from relationship lV/iVmc=
~ (This relationship is based on the assump-> P.JCP.

hon that the torque is constant for small changes in
emzinespeed for a constant throttle setting.)

7. SOivefor V/Vm~ from the relatiom-tip V/J7ti
(V/nD) N

(J7tnD)mmArm=.
8. Compute thrust from T= CTPTL2LY

=C.
c %azOK

P
where K= pn2_LP

n, propeller speed, r. p.s.
N, propeller speed, r. p. m.

Static thrust and power.—The static thrust and
static power coefficients, obtained from the Wright
Field tests of propeIIem 6101, 6129, and 6131 (reference
6) are shown (figs. 14, 16, 18, 20, 22, and 24) for the
purpose of comparison. It may be noted that the
Wright FieId data check the present data closely for
certain conditions and poorly for others. Particularly
poor is the check for propeller 6131, for which there is
a consistent difference of 15 to 20 pereent. This lack
of agreement is not particularly disturbing because
there are several important differences in the method
of testing. The whirl rig at Wright Field is in the open
air and represents the same conditions as encountered
with a stationary airpIane on the ground. The for-
ward speed is zero and the V/nD is consequently
assumed to be zero; whereas, the slipstream of the pro-
pehr in a wind tunnel creates a circulation of air
through the tunnel and the 17/nD is computed from

the measured velocity. The wind-tumd resulk are
ed.rapolated to zero V~nD. There is same question
as to whether the assumed velocities are entirely com-
parab~efor the two conditions. Furthermore, the body
conditions were difTerentfor the two tests. It is well
known that large bodies slow up the air passing through
the propeller disk, thus c@ng the propeLlersections
to operate at higher mgles of attack. This effect is
brought out clearly in the present report. Also, it is
possible that the bkukmgle setting for propeIIer 6131
was ditlerent for the two teak since the diiTerences
noted are consistent.

SPINNER EESCLTS AND VAZIOUS OTHER COMPARISONS

The materkd for this report was selected with the
view to presenting information regarding the effect of
current body styles on propeller chamcteristim as vrelI
m of presenting the actual propeller data. h im-
portant modification of the liquid-cooled engine nacelle
is that of the spinner. Spinnem were not tested on the
radial engine nacelle because pretius t=ts indicated
no aerodpimic advantage. As the shape of the pro-
peIler-blade shank is closely allied to the subject of
spinners, data for two shank shapes are included. An
incidental comparison of blade-thickness effects is made
because the rewdts are of interest, A comparison is
ako made of three blade sections; this material is of
an incidenhd nature because a separate report covers
this subject (refermce 4). The propellers for the two
reports, however, are different.

Spin.nerz.-The aerodynamic purpose of a spinner is
ta reduce the body drag, to reduce the drag of the hub
and of the shank portions of the bladcx+and to reduce
the engine torque required. In order to fti this pur-
pose, the spinner should fair smoothly into the outhnes
of the body and yet enclose the hub and the round por-
tions of the blade shanks. Two sizes of spinnem were
tested, both fairly large, as may be noted from iigure 1.
The results of the tests, given in curve form in @me 42,
were computed on two bases: on one basis, the reduc-
tion in body drag due to the spinner is credited to the
body and consequently does not show up in the propti-
si~e efEciency; and, on the other basis, the reduction in
body drag is credited to the propelIer and shows up as
a gain in propulsive efbiemcy. In the fit case, the
spinner is assumed to be a part of the body, the results
being shown as solid lines; and, in the second, to be a
part of the propelIer, the results being shown as broken
lines. Both methods, of course, show any gains in pro-
pulsive efficiency resulting from covering up the hub
and shank portions of the blades.

An analytical summary of the results is given in the
foILow@ table. Of interest is the fact that the smaller
(spinner 1) of the two spinners is superior. Also, the
advantage of spinner I incremes with blade-a@e set-
ting, the gain in efficiency being only 1.5 percent for 15°
and 6.0 percent for 35°. of this 6.0 percent maximum
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gain, 4 percent is due to covering up the hub and the
shank portions of the blades and only 2 percent is due
to reduced body drag.

The addition of streamline fakings over the shank
portions of the blades, extending out from spinner 1
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a distance of about 4 inches (see fig. 5), increased the
efficiency an additional 1 percent for the one blade-
angle setting investigated, 25°. The value of 1 percent,

however, is within the experimental error for this pm-
ticula.rtest.

StihiMARY OF RESULTSWITH SPINNERS
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Blade-shank shape.—Propeller 6101 has round shttnks
extending from the controlktble hub for 6 or 8 inches
before the transition from round to airfoil shripeis well
under way. Propeller lC1-O is of the wuuo design, &x-
cept that the airfoil shape is carried to within an inch
or so of the adjustable hub.

The results of tests of these two propcllors mounted
on tie radial engine nacelh (fig. 43 (a)) indicate an
advantage in favor of propeller 1Cl-O, particularly for
the highest blade angles. A small difhmmce in V/nD
for zero thrust indicates that the airfoil slmnke contrib-
ute ta the thrust. The advantuge of propeller lC1-O is
greater for the liquid-cooled engine nacelle. (See fig.
43 (b).)

Blade thickness.—Prope]ler 5868-9 is about 29 per-
cent thicker at the 0.75R station than propeller 6101.
(This greater thickness means that tho cn.mber also is
29 percent higher for propeller 5808-9 thtinfor propeller
6101.) The difference in width is unimportant sinco
the magnitude is only “about 3 percent. A comparison
of these propellers tested in front of the liquid-cooled
engine nacelle .(@. 44 (a)) roverds three interesting
results first, there is little or no difTerenccin maximum
efficiency; second, the thick propeller (58(38-9) has an
appreciably higher eiliciency in the take+ff and clin~b-
ing range; and, third, there. is a small diflcrenco in
V/nD for zero thrust. The third point merely indicates
that the thick propeller IW the higher tterodynamic
pitch, as would be expected.

A comparison of the propellers for tho high-speed and
the take-off conditions for controlktblo operation is given
in figure 44 (b). This plot brings out tho advantage of
the thick propeller for ttike-off but there is an indication
that some sacrifice,however small, is made ~t l~ig@cctl.
The apparent reason for the advantage of tho thick pro-
peller at low V@ operation is the delayed shallof the
aectiona resulting in a higher lift or thrust coellcicnt.
(See @.44 (a).) This effect of thickness (or camber)
is substantiated by more general tests reported in
reference 7.
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It maybe well to point out here that thick propellers
lose more in take-off efficiency owing to compreasi-
bfity at high tip speeds than do thin ones. (See refer-
ence 1.) Compr&bility effects wiII equalize the take-
off efficiencies of propellers of different thickness when
the tip speed is sticiently high.

B1ade section,—The relative merit of the different
blade sections investigated is shown by iigure 45. In
&ure 45 (a) a comparison is made for the cruising and
the take-off conditions using the data for the radial
engine nacelle. The order of decreasing merit of the
sections for cruising is Clark Y, ~. A. C. A. 2400-34,
and R. A. F. 6. The difference between the fit two
sections is only about I percent, well within the experi-
mental error, while the difference between the C1srk Y
and the R. A. F. 6 is between 2 and 4 percent. The
efficiency of the R. A. F. 6 propeller is several percent
higher than the Clark Y for the take-off condition
and the Clark Y is likewise more ef%cient than the
N. A. C. A. 2400-34. It may be seen, by reference
to the basic data, thtit superior take-off characteristics
are a result of a delayed stall and higher thrust coeffi-
cients.

It should be pointed out, S.ISO,that the R. A. F. 6
section is more sensitive to compressibility than the
other two sections for the take-off condition; therefore
the efEciencies tend to equalize as the tip speed is
increased. (See reference I.)

The relatively poor take-off characteristic of the
propeIIer of N. A. C. A. 2400-34 section were expected
for these Iow tip speeds because of the low masimum
lift coefficient of the section. This section was devel-
oped for high tip speeds and should properly be used
only for the tip sactions, inasmuch = its principal
merit is the later comprtibtity stall.

Figure 45 (b) shows the same comparisons and the
same order of merit for the liquid-cooled engine nacelle
as were shown for the raditd engine nacelle. The
cruising efficiency of propeIIer6131 (N. A. C. A. 2400-34
section) seems low in comparison with propeller 6101
(C!lark Y section), which suggests an error of 1 or 2
percent. The take+ff efficiency of all three propellem
tested with the Iiquid<ooIed engine nacelIe is con-
sistently several percent higher then with the radial
engine naceIIe. This result is probably due to the
influence of the body on the stalling of the blades.
The radial engine body, being Iarger, slows the air and
causes an earher stall than the Iiquid+ooled engine
body.

It shotid be pointed out that the foregoing compari-
sons were based on propellem of the same diameter
for the same design condition. This basis was deemed
better than any other since the take-off efficiency is
very sensitive to changes in diameter whereas the design
efficiency (high speed or cruising) is only slightIy sensi-
tive. Had the diameter been aUowed to vary, depend-
ing upon the 17/nDchosen for maximum efficiency, there

would have been Iarge diilerences in take-off efficiency
due entixely to the ditTerencesin the diametem.

Body,—The relative effect of the two bodies on the
characteristics of the five prope~ers tested is given by
figure 46. The maximum efficiencies of each propeller
appear to agree fairly closely for the two body conditions,
with the exception of that for propeller 6131, which -was
previoudy mentioned as probabIy being slightly in
error. There are two opposing factors that tend to
keep the maximum efficiencies the same for the two
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bodies. The slipstream drag, which reduces the
sftkiency, is greater for the radii engine naceIle than

for the smaller Iiquid<ooled engine nacelle. On the
other hand, the hub and blade shanks have less drag
when they are located in front of the blunt nose of the
radial engine nacelIe than when they are Iocated in
front of the liquid-cuoled engine nacelle. If a spinner
had been used for I-Wthe tests of the Iiquidaoled
engine naceIle, it k clear that the peak efficiencies
vrould have been higher than those for the radial engine

nacde. (See spinner remdts.)

.-
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The take-off ef6ckncies are consistently higher for

the liquid<ooled engine naceIIe than for the other

nacelle. It maybe noted in every comparison (fig. 46)
that the thust curves for the liquid+ooled engine
mtcelle reach higher values of CT at the take-off con-
dition than for the radial engine nacelle. This effect
resultsfrom a dHerence in air speed o~er the two bodies.

LO

.0

.6

T
.4

2

0,
v

%
(e) Pmpdler 613L

FIGUEZ46–Continued. Compsrfson of propeller ckmacteristkstbr two body
mndftions.

The liquid-cooled engine nacelIe slows down the air
to a lesser estent than the larger radial engine naceIIe
and the blades do not stall so quickly at the low 1“/nlJ
valuw. A rough estimate of the difFenmcesin mean air
speed through the propeller disk for the two bodies can
be made by computing the relati~e wlocities for zero
thrust. The greatest difference in velocity noted is for
propelIer ICI-O and amounts to about 7 percent.

~ONCLUSIOXS

The results of the tests made at moderately low tip
speeda of five propellers indicated the follovzing con-
clusions:

I. Propellers operated in front of the liquid-cooled
engine nacdle had higher take-off propulsive efficiencies

than when operated in front of the radirdengine naceIIe;
they also had higher cruising efficiencies when provided
with suitable spinners.

—.

2. Spinners mounted on the liquid+ooled engine
nacelle not only reduced the drag of the body but
reduced the drag of the propelIer hub and shanks as
-weIi. The propulsive efficiency was increased a maxi-
mum of 6 percent for one condition.

3. A propeI1erviith airfoil sections extending into the
hub was more efficient than ode having round blade
shanks when tested in front of both the radiaI and the
Liquid-ommd engine nacelks.

4. A thi,”k propeller ha-ring a Clark Y section was
found to be more eflicient than a thin one for the take-
off condition, but the maximum efficiency was possibly
SLiglltlyless.

5. The order of decreasing efllciencies for the cruising
condition for propeller-blade sections of 0.07 thickness
ratios at 0.75R vms found to be: Clark Y, N. A. C. A.
2400-34, and R. A. F. 6, but the order changed to
R. A. F. 6, Clark Y, and N. A. C. A. 2400-34 for the
take+ff condition for propellers of the same diameter.

.
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